Abstract. A transect-based quadrat survey was conducted within 11 spring wetlands fed by permanent groundwater flows from the Great Artesian Basin at Elizabeth Springs in western Queensland. Flow patterns within individual wetlands change with sedimentation associated with mound building, siltation of abandoned drains and changes in aquifer pressure associated with artificial extraction from bores. The pattern of floristic groups for the wetland quadrats was poorly related to soil texture, water pH, slope and topographic position. Patterns were most clearly related to wetland age as determined from aerial photography, with a clear successional sequence from monospecific stands of Cyperus laevigatus on newly formed wetland areas to more diverse wetland assemblages. However, evidence from other Great Artesian Basin springs suggests that succession can also result in reduced species richness where the palatable tall reed Phragmites australis develops mono-specific stands.
Introduction
Studies of vegetation pattern in Australian wetlands identify the influence of water and soil-chemistry properties, seasonal fluctuations in water depth and permanence (e.g. Kirkpatrick and Harwood 1983; Wilson et al. 1990 ). Vegetation patterns in wetlands supported by reliable groundwater flows such as the arid-zone spring wetlands fed by discharge from the Great Artesian Basin are likely to have a different set of environmental relations. The distinct characteristics of groundwater-dependent wetlands is well recognised in the international literature, where they have been classified as fens (see Bedford and Godwin 2003) .
The regional geography of spring-fed wetlands associated with the southern and western margin of the Great Artesian Basin is reasonably well documented (Harris 1992; Pickard 1992; Fensham and Fairfax 2003) . These wetlands are often referred to as 'mound springs'. Mounds form by deposition of sediments suspended in groundwater and the development of peat and the accumulation of aeolian material. Sediments precipitated from groundwater include local subsurface material, but can also develop as travertine from calcareous groundwater. Anecdotal information suggests that the outflow from spring vents is affected by seasonal evaporation rates, air pressure and possibly lunar cycles, although these effects are likely to be too short-lived or too minor to yield substantial response in the vegetation. There has been a general decline in aquifer pressure because of artificial water extraction through bores and Fensham and Fairfax (2003) estimated that flow rates from springs have declined by at least 75% in western and southern Queensland.
The spring wetlands of the Great Artesian Basin provide habitat for several endemic organisms including fish, snails and plants (Fensham and Fairfax 2003) . Developing an understanding of the structure and dynamics of the springwetland habitats has relevance to the conservation of these organisms. With the exclusion of domestic stock, vegetation structure can change dramatically with the proliferation of thickets of the tall native reed Phragmites australis and tussocks of Fimbristylis sp. at the expense of short plants such as Eriocaulon carsonii (Fatchen and Fatchen 1993) . The evapo-transpirational demand of Phragmites thickets from small wetlands may be sufficient to eliminate the flow of groundwater, rendering the habitat unsuitable for organisms dependent on free surface water (Fatchen 2001) . Fensham and Fairfax (2003) suggested that variation within large wetlands may be sufficiently complex to provide microhabitat for a variety of wetland plants, regardless of stock protection. This paper describes the environmental association of the vegetated wetlands within a relatively large Great Artesian Basin spring complex in western Queensland. It also relates floristic structure to environmental factors and the successional processes associated with the dynamism of spring wetlands.
Study site
Elizabeth Springs (23 • 21 S, 140 • 35 E) is a complex of spring wetlands occurring over an area of approximately 100 ha 2 are included and the wetland boundary lines are simplified using the DouglasPeucker algorithm with a tolerance of 10 m. The position of the current fence is indicated by the dashed line. Transects are numbered and the difference between the maximum and minimum elevation (m) along the transects is for T1, 0.58; T2, 0.95; T3, 0.56; T4, 0.23; T5, 0.06; T6, 1.09; T7, 1.03; T8, 0.77; T9, 0.45; T10, 1.36; T11, 0.53 . The location of Hermit Hills and Elizabeth Springs within the Great Artesian Basin are also indicated. (Fig. 1) . The climate is arid with 262 mm mean annual rainfall at the nearest long-term climate station (Boulia, 90 km to the north-west), and average daily evaporation of 9.8 mm (Clewett et al. 1994) . The elevation of the spring wetlands ranges from 140.1 to 142.1 m (survey data collected below). A fish (Chlamydogobius micropterus) and a snail (Jardinella isolata) are restricted to the spring wetlands at Elizabeth Springs and the plant species Eragrostis sp., Eriocaulon carsonii, Fimbristylis sp. and Myriophyllum artesium are only known from wetland habitat fed by permanent artesian water. Fairfax and Fensham (2002) have summarised a 19th century description of Elizabeth Springs, including an estimate of flow rate from 1896 of 4.55 ML day −1 . On the basis of the relationship between wetland area and flow rate (Fensham and Fairfax 2003) , flow rates have diminished to about 30% of this rate, presumably because of the artificial extraction of ground-water through bores. There have been 118 free-flowing artesian bores sunk within a 100-km radius of Elizabeth Springs, mostly established around the turn of the 20th century. We cannot accurately assess the rates of water extraction, although flows of more than 5 ML day −1 from individual bores were common before 1900. Pressure reductions have also affected flow rates from artificial bores in the region (Great Artesian Basin Consultative Council (GABCC) 1998). Twenty-two of the nearby free-flowing bores have ceased to flow, and the average flow post-1990 was 0.7 ML day −1 . Seventy-five bores in the area have been capped and 20 remain uncontrolled (i.e. free-flowing). There is clear evidence of slight increases in the pressure of controlled bores in the area with the bore-capping program (Department of Natural Resources and Energy, Queensland, unpubl. data).
In the late 1890s, a station-hand was permanently employed to maintain a network of drains for watering cattle at Elizabeth Springs (Fairfax and Fensham 2002) . The area of spring wetlands was fenced from cattle during 1993-1994 (see Fig. 1 ), although the fence has not been maintained and in recent years has been only partially effective at excluding cattle. The fence does not provide an effective barrier for pigs that are sporadically abundant in the area. Pigs and cattle tend to disturb only the areas of the wetland away from the spring vents discharging groundwater because the discharge areas are amorphous and a death trap for large animals.
Methods
Spring wetlands were mapped from scanned small-scale 1951, 1970 and 1981 aerial photography, and large-scale 2002 aerial photography ( Table 1 ). The 2002 photography consisted of 16 photographs in two north-south flight strips. The photos had 60% overlap along the flight strips and 10% overlap between strips.
As a geometric framework, the entire 1970 aerial photograph print that best represented Elizabeth Springs was scanned at 600 dpi and ortho-rectified to fit Landsat pan-merged imagery by using Erdas Imagine software. This enabled the 1951, 1970 and 1981 images of the Elizabeth Springs study area to be fitted over the broader image by a linear transformation. The 2002 photos were individually ortho-rectified to fit the preceding images, using a mosaic of the central portion of each photograph.
Eleven control points clearly visible on the 2002 photography from the perimeter of the study area (mostly fence posts) were available from a ground survey that used a survey accurate Trimble 4700 GPS in Real Time Kinematic mode. The ground survey gave a positional accuracy of approximately 10 mm in X and Y directions and 20 mm in Z (height) relative to a permanent mark 1.2 km east of the springs. The data were modelled using 12D and Civilcad software. Visual inspection of these control points on the 2002 mosaic suggested an average displacement of -2.5 mE and 9.2 mN. Following this block-shift, the average residual suggested by the 11 control points is 1.2 m, whereas the maximum residual is 3. The digitising of wetland boundaries from the 2002 photography was aided by the field data (see below). Identifying wetland boundaries from the pre-2002 photography could only be approximate because of the small scale of the photography, the incompatibility of the 2002 photography as reference (much finer resolution) and the potential effects of cattle grazing. According to Wager (1995) , vegetation cover has increased since restricting stock access, particularly for small wetlands and around the edge of large wetlands.
Field sampling and site survey were conducted in May 2002. Following a reconnaissance of the spring complex, 11 transects varying in length from 17 m to 100 m were selected to encompass the range of topography and vegetation characteristics and always commenced on dryland habitat adjacent to a spring wetland and traversed the apex of the vegetated mounds. Data were collected from 2575 contiguous quadrats, 0.5 × 0.5 m each, along the transects. In each quadrat, the plant species were recorded and their cover estimated (1, <1%; 2, 1-5%; 3, 5-10%; 4, 10-20%; 5, 20-40%; 6, 40-60%; 7, 60-80%; 8, >80% cover). In spring wetlands water depth is probably a meaningless variable because the vegetation on discharge areas forms a floating mat and flow-on areas or 'tails' are usually gently graded with little variation in water depth. A measure that provides a surrogate for groundwater discharge activity may be more meaningful. A discharge activity index was approximated as the depth that a blunt-pointed stainless-steel probe of 12-mm diameter weighing 3.5 kg placed on the wetland surface sunk into the underlying substrate. It was reasoned that the greater the discharge activity, the more liquid the consistency of the underlying substrate and the deeper the penetration of the probe.
Fifty-three soil samples were taken intermittently at both 1-and 10-cm depths and soils were described in the laboratory by using a Munsell Soil Colour Chart and the texture scale of McDonald et al. (1990) that ranges from 1 (loamy sand) to 16 (heavy clay). Twentyeight water pH measurements were made within the wetlands by using a Hanna HI 9023 pH meter (Hanna Instruments, Melbourne, Australia).
Transects were all surveyed by a differential GPS with a vertical accuracy of ±20 mm. From these data elevation profiles were prepared and each quadrat assigned to a slope category (<1
• ) and a topographic position category (swale, slope, hip). A mound height index was determined from the range of elevation values for the wetland transect sections such that zero is the lowest elevation value and one is the highest elevation for any particular transect. This index may also provide some indication of discharge activity, provided the tops of mounds are more likely to be discharge points than the lower-lying areas in a spring wetland.
Plant cover was calculated for each quadrat as the total of the midpoints of the cover categories (i.e. Category 1-5% was set at 3%) for each species. Because of overlapping plant parts, total cover can exceed 100% in a quadrat.
Transects were overlaid over the mapped coverages of wetlands and the quadrats were assigned a maximum wetland age (Fig. 2) . Thus, if a quadrat appeared to overlie wetland in 2002 and in 1981 but appeared to overlie dryland habitat in 1970, the maximum wetland age of that quadrat was 32 years. For analysis the wetland age was set at midvalues, such that dryland (non-wetland) areas in 2002 were assigned 0 years old, areas that have formed wetland between 1981 and 2002 were assigned 10.5 years, wetlands formed between 1971 and 1981 were assigned 26.5 years, wetlands formed between 1951 and 1971 were assigned 41 years, and wetland areas that are older than 1951 were arbitrarily given a value of 60 years. Some wetland areas determined from the pre-2002 photography may not have been vegetated because cattle had unrestricted access before 1993.
The quadrat data were analysed by the polythetic agglomerative technique unweighted paired group mean average (UPGMA) after standardising cover-abundance scores to unit maxima within the PATN software (Belbin 1988) . Floristic groups were erected after searching for significant patterns and associations in relation to the environmental measures at a range of levels in the classificatory hierarchy. The dataset is spatially auto-correlated, with many quadrats occurring within individual areas of the wetlands. To compensate for this spatial auto-correlation, statistical tests were applied at the transect level after averaging environmental values for quadrats within a floristic group. This conservative application reduces power but heightens the robustness of conclusions. When transect values of environmental variables were normally distributed, mean values were tabulated and ANOVA was performed with Tukey's test to compare individual means. When average values were not normally distributed median values were tabulated and the Kruskal-Wallis test was employed. For within-test comparisons Z-score differences of >2 were considered statistically significant. These analyses were limited to the three wetland groups represented by more than five transects ( Table 2) .
The intermittently collected soil and water pH was subject to a broad analysis comparing wetland vents and other wetland areas (tails) by ANOVA. Vents were defined for this analysis by a discharge activity index of >15 cm.
Results
By using average cover from all wetland quadrats as a measure, obligate wetland species ordered from most abundant to least abundant were Cyperus laevigatus (33.3%), Fimbristylis sp. (13.9%), Pennisetum alopecuroides (11.0%), Eragrostis sp. (10.1%), Eriocaulon carsonii (9.5%), Phragmites australis (4.3%), Myriophyllum artesium (0.5%), Utricularia caerulea (0.5%), Plantago gaudichaudii (0.2%) and Utricularia dichotoma (<0.1%). Isotoma fluviatilis and Schoenus falcatus were present in the spring wetlands but were not present in any quadrats. The seven most frequently recorded wetland species (Tables 2, 3) were locally abundant, forming mats that can comprise colonies of multiple species.
The 16-group level of the classification was erected because this was the lowest level of the hierarchy where the two most closely related groups (Groups 3 and 4 below) had unambiguous indicator species separating the groups and some environmental distinction (see below). Some groups separated at higher levels have dubious distinction because of the low species diversity of the dataset. For example, three dryland groups (of marginal interest for this study) contained only one species at various levels of abundance ( Table 2 ). The groups were sorted into dryland, marginal and wetland categories as determined by the association of the quadrats with the presence of surface moisture ( Table 2 ). The floristic association of the 16-group UPGMA classification is presented in Table 3 . The group defined as Group A consists of quadrats that consisted of only bare ground, and that defined as Group B consists of quadrats that were free water with no vegetation. Dryland groups (1, 12, 13, 15) contained various mixtures of Portulaca oleracea, Sporobolus actinocladus, Sporobolus mitchelli and, most commonly, Trianthema sp. Group 9 was dominated by Fimbristylis rara and was always associated with dry surface soil with underlying groundwater moisture ( Table 2) . Group 8 was also dominated by Fimbristylis rara, but unlike Group 9 included other wetland species (Table 3) and occupied both wetland and dryland habitat (Table 2) . Group 6 was dominated by the wetland species Cyperus laevigatus in association with dryland species and Group 10 was distinguished by the presence of Fimbristylis sp. and few associated species (Table 3) . Both these groups were classed as marginal. Groups 2-5, 7, 11 and 16 were associated with combinations of wetland species (Table 3) , were predominantly associated with permanent surface water and are categorised as wetland groups (Table 2) . Zonation within the wetlands is not clearly defined and the dominant species either occur in many groups or have less than 40% frequency in the groups they occur (Table 3) .
The springs occur on a peneplain adjacent to the Spring Creek channels (Fig. 1) . Windblown soils are Arenic Rudosols over a weakly cemented densipan within a matrix of gibber plain. There is no development of travertine and only limited development of peat. There were few distinguishing associations between the dryland groups and soil texture or alkalinity (data from seventeen soil pits). Surface soils were typically light yellowish-brown (colour chart value 10YR 6 / 4), ranging from clayey sand to medium clay, with pH from 7.1 to 9.9. Subsoils showed a tendency for heavier texture and were more alkaline, ranging from 9.1 to 10.0. The groups characterised by Fimbristylis rara (Group 8 and 9) were always associated with surface soil that contained sand and were exclusively located on slopes and hips, and were never associated with the lowest slopeangle category. Water pH varied from 7.0 to 9.3. There was no statistically significant (P > 0.05) difference between the wetland vents and tails in relation to surface soil texture (n = 6, n = 21, respectively), soil texture at 10 cm depth (n = 16, n = 20) and water pH (n = 18, n = 10). Slope angle was not significantly different among any of the well-sampled wetland groups (Table 4 , F = 0.2, d.f. = 2, P = 0.82). There was a significant difference in plant cover among well sampled wetland groups (Table 4, d.f. = 2, F = 4.17, P = 0.029), with Group 2 having lower plant cover than Group 7. The small Group 4, characterised by Plantago gaudichaudii, was not included in the analysis, but appears to have a low total plant-cover score in our sample (Table 4) . Although this group was recorded only from one transect, our broader observations within the wetland complex confirmed that the species is restricted to relatively open habitat. There was no significant difference in the mound height index among any of the well sampled spring groups (Table 4 , F = 1.36, d.f. = 2, P = 0.279).
Discharge activity index values were not significantly (H = 4.74, d.f. = 2, P = 0.094) different among wetland groups. However, the discharge activity index of Group 16 is significantly lower than those for Groups 2 and 7 (Table 5) . Group 2 included quadrats with Phragmites australis and had the highest discharge activity index of the well sampled wetland groups.
The dryland and wetland groups have generally been mapped as non-wetland and wetland areas, respectively, from the 2002 aerial photography (compare Tables 2, 6), suggesting that mapping registration errors are minor. However, the small wetland Group 4 (9 quadrats) is mostly mis-mapped as dryland. Historical photos suggest considerable dynamism, with 62% of wetland quadrats having been dryland at some time since 1951, and 6% of dryland quadrats having been wetland at some time since 1951. There are significant differences in wetland age between the well sampled wetland groups (Table 6 , F = 4.22, d.f. = 2, P = 0.028). Wetland Group 16 is significantly younger than Group 2, but not Group 7.
Discussion
Wetland Groups 5, 7, 11 and 16 have high plant cover (Table 4) , indicative of dense mats of vegetation less than 50 cm high. In combination, these groups dominate the wetland vegetation at Elizabeth Springs comprising 66% of surveyed wetland quadrats (Table 2) . Vegetation pattern within the spring wetlands at Elizabeth Springs was poorly related to variations in soil texture, water pH, slope and topographic position. However, the marginal wetland species Fimbristylis rara is clearly associated with slightly elevated slopes and terraces that have accumulated aeolian sand. Subsoils are permanently moist but the accumulated material on the surface can be dry. The small scale of the historical aerial photography did not allow for the precise assessment of wetland boundaries over the last 50 years. However, the photography suggests considerable dynamism affecting the configuration of spring wetlands. Some of this dynamism has resulted from the abandonment and silting of artificial drains. The dispersal of outflow and expansion of wetland following the silting up of an abandoned drain is clearly evident in the sequence of photos of photography at Transect 4 (Fig. 2) . The drain evident on the 1951 photography is not evident in 1970 (Fig. 2) and there are currently no obvious traces of the old drains at Elizabeth Springs. With bore-capping and enhanced aquifer pressure, the wetlands at Elizabeth Springs may increase in size.
Natural processes also account for dynamism in spring wetlands. The low mounds consist of subsurface material that is carried by the discharging groundwater, peat and aeolian material. Mound building continues until their heights equal the hydrostatic head of the groundwater, forcing changes in flow structure. Groundwater often breaks out along points of weakness near the base of active mounds. Alternatively, flows can form stream channels that erode mound structures. Changes in drainage result in the creation of new wetland areas, and flow structures, including mounds, may become inactive and dry out. At the time of this Changes in wetland configuration appear to have important effects on community composition. The interpretation of wetland floristic pattern was enhanced by the history of wetland dynamism provided by the successive aerial photography. Group 16 consisted entirely of a mono-specific sward of Cyperus laevigatus and in 12 of 13 transect-period combinations it occurred in wetland areas that could be mapped from small-scale aerial photography as younger than 51 years old (Table 6 ). In three transect-period combinations this group occupied dryland that appeared to be outflow areas in the recent past. In these areas Cyperus was in poor health, verifying that the species cannot survive in areas that are not permanently inundated. Group 6 is also dominated by Cyperus laevigatus and includes wetland and dryland quadrats. For this group, only one transect-period combination out of 17 pre-dates 1951. Clearly, Cyperus laevigatus is the species most likely to colonise newly established or denuded wetland areas. For the three well sampled wetland groups there is a positive relationship between species richness and wetland age (Fig. 3) . The species listed with more than 25% frequency indicate a successional sequence from Cyperus laevigatus alone to more diverse assemblages of wetland plants (Fig. 3) .
Data in Fatchen and Fatchen (1993) from Great Artesian Basin spring wetlands at Hermit Hills in South Australia (Fig. 1 ) allow for comparison with Elizabeth Springs. The habitat conditions of the two spring complexes are similar in relation to the range of wetland sizes, mound characteristics, geographical setting, water pH (7.6-8.8 at Hermit Hills, D Niejalke unpubl. data) and common dominants (Cyperus laevigatus, Eriocaulon carsonii, Fimbristylis sp. and Phragmites australis). At Elizabeth Springs, Group 2, which includes quadrats with Phragmites australis, occurs on relatively elevated areas of spring wetlands (Table 4) with relatively high discharge activity indices (Table 5 ). This group also had the greatest species richness (Fig. 3) . The association of Phragmites with spring vents through the Fig. 3 . Species richness in relation to average wetland age for the three well sampled wetland groups. The age of Group 2 may be a substantial underestimate because it is represented by a high proportion of sites classified as the <1951 age class which was assigned a conservative value of 60 years. Those species with greater than 25% frequency according to group are indicated. spring complex at Elizabeth Springs was obvious in the field, but lacked statistical strength because it was present only on 2 of the 11 transects. This association may partly reflect the inaccessibility of these areas to cattle. For Hermit Hill, Fatchen and Fatchen (1993) documented the development of 4-m high, dense Phragmites swards to the exclusion of other species within 5 years of stock removal (Fig. 4) . Their data also revealed that in large spring wetlands the development of these swards is restricted to the mounded spring vents. Even after 20 years without stock, Phragmites has failed to colonise the spring tails (Fig. 4) . Conditions at Elizabeth Springs seem to be more marginal for Phragmites where it is absent from the majority of spring wetlands and has not formed mono-specific stands following respite from grazing. Fencing may not always result in Phragmites dominance and the desirability of protecting springs from stock needs to be assessed on a case-by-case basis. Factors other than grazing clearly influence the distribution of Phragmites within spring wetlands.
Differences in microhabitat may relate to the precipitation of nutrients from groundwater (Bolen 1964; Wilcox et al. 1986; Boyer and Wheeler 1989) . Boyer and Wheeler (1989) found that relatively diverse short-fen vegetation associated with vents had higher pH and lower carbonate and P content than tall fen vegetation associated with wetland margins. Although our results suggest no difference in water pH between spring vents and tails at Elizabeth Springs, further work is required to understand the microhabitat conditions determining patterns within and between the spring wetlands of the Great Artesian Basin.
This study suggests increases in plant species diversity as succession proceeds on newly formed wetland areas resulting from dynamic flow patterns. In arid-zone spring wetlands in South Australia succession has been documented to occur with the removal of livestock and subsequent dominance of Phragmites, resulting in decreasing plant diversity (Fatchen and Fatchen 1993) . However, spatial processes relating to groundwater and substrate conditions are also likely to be critical determinants of both vegetation pattern and succession in these rare habitats.
